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Abstract 
In part A of this review, we have introduced the research progress and application 
status of unitized regenerative proton exchange membrane fuel cells. In addition to this 
proton exchange membrane (PEM)-based unitized regenerative fuel cell (URFC), other 
URFC technologies with different electrolytes have also been reported in the literature, 
which are the emphasis of this part of review. Unitized regenerative alkaline fuel cells 
(UR-AFC) have long been utilized for aerospace applications, while the recent 
development of anion exchange membrane (AEM) has stimulated their further 
development, especially on the AEM-based UR-AFCs. Vast research works have been 
reported on the bifunctional oxygen catalyst development, while the latest UR-AFC 
prototypes are also briefly introduced. Despite of their potential cost-efficiency and better 
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reactivity, cell performance and round-trip efficiency of the current UR-AFCs are still 
lower than their PEM-based counterparts. Unitized regenerative solid oxide fuel cell, or 
more commonly cited as reversible solid oxide fuel cell (RSOFC), is a high-temperature 
URFC technology with superior performance and reversibility. Review works on this 
type of URFC are separated into two categories, i.e. RSOFC with oxygen ion conducting 
electrolyte and RSOFC with proton conducting electrolyte. Even with the highest 
efficiency among various URFC technologies, the application of RSOFCs, however, is 
restricted by their limited long-term stability and poor cycle ability. Unitized regenerative 
microfluidic fuel cell, or called the reversible microfluidic fuel cell, is a newly-emerging 
URFC research trend which benefits a lot from its membraneless configuration. However, 
limited research works have been conducted on this new technology. 
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Abbreviations 
AEM: Anion exchange membrane 
AFC: Alkaline fuel cell 
BCY: Yttrium-doped barium cerate 
BCZY: Yttrium-doped barium cerate zirconate 
BCZYbCo: BaCe0.48Zr0.40Yb0.10Co0.02O3−δ 
BHC: Bifunctional hydrogen catalyst 
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BHE: Bifunctional hydrogen electrode 
BOC: Bifunctional oxygen catalyst 
BOE: Bifunctional oxygen electrode 
BOP: Balance of plant 
BPPs: Bipolar plates 
BSCF: Ba0.5Sr0.5Co0.8Fe0.2O3-δ 
BZC: BaZr1-xCoxO3-δ 
EC mode: Electrolysis cell mode 
FC mode: Fuel cell mode 
GC: Glassy carbon 
GDC: Gadolinium-doped ceria 
GDL: Gas diffusion layer 
gRGO: Gently reduced graphene oxide 
HER: Hydrogen evolution reaction 
HOR: Hydrogen oxidation reaction 
LC: Lanthanum cobaltite 
LCC: Lanthanum calcium chromite 
LCFCr: La0.3Ca0.7Fe0.7Cr0.3O3−δ 
LNO: Lanthanum nickelate 
LSC: Lanthanum strontium chromite 
LSCF: Lanthanum strontium cobalt ferrite 
LSCM: (La0.75Sr0.25)Cr0.5Mn0.5O3 
LSCN: La2–xSrxCo0.5Ni0.5O4±δ 
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LSCuF: Lanthanum strontium copper ferrite 
LSF: Lanthanum strontium ferrite 
LSGM: Lanthanum strontium gallate magnesite 
LSM: Lanthanum strontium manganite 
MEMS: Micro-electro-mechanical systems 
MFC: Microfluidic fuel cell 
MH: Metal hydride 
MOF: Metal-organic framework 
MWCNTs: Multi-walled carbon nanotubes 
NCNTs: Nitrogen-doped carbon nanotubes 
N-rGO: Nitrogen-doped reduced graphine oxide 
N-rmGO: Nitrogen-doped reduced graphine oxide 
N/S-rGO: Nitrogen and sulfur co-doped reduced graphene oxide 
OER: Oxygen evolution reaction 
ORR: Oxygen reduction reaction 
PEM: Proton exchange membrane 
PEMFC: Proton exchange membrane fuel cell 
PPD: Peak power density 
PTFE: Poly Tetra Fluoro Ethylene 
qPDTB-OH-: Quaternary ammonium Poly(DMAEMA-co-TFEMA-co-BMA) ionomer 
rGO: Reduced graphine oxide 
RMFC: Reversible microfluidic fuel cell 
RP: Ruddlesden−Popper 
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RSOFC: Reversible solid oxide fuel cell 
RSOFC-H: RSOFCs with proton-conducting electrolyte 
RSOFC-O: RSOFCs with oxygen ion-conducting electrolyte 
RT-efficiency: Round trip efficiency 
ScSZ: Scandia-stabilized zirconia 
ScCeSZ: Scandia and ceria stabilized zirconia 
SDC: Samaria-doped ceria 
SFM: Sr2Fe1.5Mo0.5O6–δ 
SOFC: Solid oxide fuel cell 
SOEC: Solid oxide electrolysis cell 
SSC: Samarium strontium cobaltite 
URFC: Unitized regenerative fuel cell 
UR-PEMFC: Unitized regenerative proton exchange membrane fuel cell 
UR-AFC: Unitized regenerative alkaline fuel cell 
UR-SOFC: Unitized regenerative solid oxide fuel cell 
UR-MFC: Unitized regenerative microfluidic fuel cell 
UR-PAFC: Unitized regenerative phosphoric acid fuel cell 
UR-MCFC: Unitized regenerative molten carbonate fuel cell 
WGSR: Water gas shift reaction 
YDC: Yttria-doped ceria 
YSZ: Yttria-stabilized zirconia 
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1. Introduction 
In part-A of this review, we have presented a detailed introduction to the unitized 
regenerative proton exchange membrane fuel cell (UR-PEMFC), which is currently the 
most representative and advanced unitized regenerative fuel cell (URFC) technology 
recorded to date [1-5]. The introduction follows a sequence from the inner cell 
components, i.e. the bifunctional catalysts, to the outer cell components, i.e. the gas 
diffusion layer (GDL) and bipolar plates (BPPs). Till now, Pt catalyst is predominantly 
utilized as bifunctional hydrogen catalyst (BHC), which shows excellent performance in 
both hydrogen oxidation reaction (HOR) and hydrogen evolution reaction (HER). As for 
the oxygen electrode, a combination of the best oxygen reduction reaction (ORR) catalyst 
(i.e. Pt) and oxygen evolution reaction (OER) catalyst (i.e. Ir, Ru and their oxides) is 
made to prepare bifunctional oxygen catalysts (BOC). Due to the sluggish oxygen 
reactions [6], cell performance in both fuel cell (FC) and electrolysis cell (EC) mode and 
the round-trip (RT) efficiency of the present UR-PEMFCs are primarily hindered by 
oxygen electrode performance. Therefore, numerous research works have been done to 
optimize BOCs, including their composition, ratio, preparation method, support, binder, 
and layer structure. As for the GDL and BPPs, research works are mainly focused on 
their stability improvement, especially in EC mode operation. Furthermore, for practical 
applications, several systematic issues are carefully investigated to ensure adequate and 
steady power output, such as heat & water management, electrode configurations, fuel 
cell stacking, etc. To date, UR-PEMFCs have already been applied in many areas, 
including aerospace and aviation, renewable energies, grid supplement, transportation, 
etc. However, due to their relatively high-cost, most applications are still limited to 
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aerospace and military field. As for civil applications, tentative trials have been 
conducted to couple this technology with wind & solar energy, power grid, electric 
vehicles, or employ them as backup powers and uninterrupted power supplies. 
Apart from UR-PEMFC, other URFC technologies are also getting more and more 
R&D interests considering their specific advantages, including the low-temperature 
unitized regenerative alkaline fuel cell (UR-AFC), high-temperature unitized regenerative 
solid oxide fuel cell (UR-SOFC), and recently-emerged unitized regenerative 
microfluidic fuel cell (UR-MFC). To the best of our knowledge, no research works have 
been reported on either the unitized regenerative phosphoric acid fuel cell (UR-PAFC) or 
unitized regenerative molten carbonate fuel cell (UR-MCFC) so far. 
Compared with the proton exchange membrane (PEM) electrolyte in UR-PEMFC, UR-
AFC utilizes either aqueous alkaline solution or anion exchange membrane (AEM) as 
electrolyte. This alkaline reaction environment provides various benefits such as the 
improved reaction kinetics and the utilization of non-noble catalysts. However, 
development of UR-AFC so far is still hindered by either the CO2 poisoning problem or 
the imperfect AEM [7]. Moreover, the performance and efficiency of present UR-AFCs 
are also not satisfactory. Different from UR-PEMFC and UR-AFC, UR-SOFC generally 
works at high temperatures from 500 to 1000℃. Benefiting from this high-temperature 
effect, outstanding performance and low overpotentials are achievable, while all cell 
components can be made from cost-efficient ceramic materials. In general, UR-SOFC is 
very promising for energy storage & conversion purpose in high-temperature 
environments. However, their stability during regenerative mode operation still needs 
further improvement. UR-MFC is a recently-emerged URFC technology based on 
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microfluidic reactors. This kind of device utilizes the interface between two laminar 
flows as a virtual membrane instead of polymer membranes. Therefore, the fabrication 
cost is greatly lowered, and the pH environment of both electrodes can be independently 
tailored to optimize the performance and efficiency [8, 9]. However, UR-MFC generally 
suffers from poor energy density and difficulties in scalability due to the complex fluid 
management. 
In this part of review, research works related to the above-mentioned three URFC 
technologies are introduced respectively. For UR-AFC, emphasis will be put on both 
catalyst and fuel cell development. For UR-SOFC, two mainly types of them, i.e. the 
oxygen ion-conducting UR-SOFC and the proton-conducting UR-SOFC, are discussed 
separately, while the related modelling works are also summarized. As UR-MFC is only 
a newly-emerged technology, only a brief report is given at the present stage. 
 
2. Unitized regenerative alkaline fuel cell (UR-AFC) 
    Alkaline fuel cell (AFC) is one of the most developed fuel cell technologies which has 
been put into practical services since the early 20th century [7]. During its working 
process, the conducting ion in the electrolyte is hydroxyl (OH-) moving from cathode to 
anode, which is similar to proton (H+) moving from anode to cathode in proton exchange 
membrane fuel cell (PEMFC). As for the electrolyte, either a static porous matrix 
saturated with aqueous alkaline solution or a flowing aqueous alkaline solution can be 
adopted. Moreover, recently a new form of electrolyte for AFCs is also developed, 
namely the AEM, which eliminates the aqueous solution-related problems such as CO2 
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poisoning and potential electrolyte leakage. However, ionic conductivity and chemical 
stability of the present AEM is still not as good as its acidic counterpart (i.e. PEM) [7]. 
    UR-AFC, also known as the rechargeable alkaline fuel cell, is developed by combining 
an alkaline fuel cell with an alkaline electrolyzer into a single unit. One early UR-AFC 
prototype was proposed in 1960 by Ludwig for the Apollo program [10]. Afterwards, 
more prototypes were developed by NASA and Giner, Inc. in the 1980s [3]. In the late 
1980s, Swette et al. have developed a series of electrocatalysts and catalyst supports for 
the oxygen electrode of UR-AFCs with good electrochemical activity and stability [11-
13]. Recently, research interests are emphasized on the AEM-based UR-AFCs due to 
their simpler structure and the elimination of possible electrolyte leakage. 
    Belonging to low-temperature URFCs (20-120℃), one of the most significant 
advantages of UR-AFC against UR-PEMFC is its ability to use non-noble catalysts 
instead of the conventional noble metal catalysts, which makes it much more cost-
efficient for large-scale manufacture and application. Such non-noble catalysts include 
nickel or metal hydride for the hydrogen electrode, and transition metal oxides or 
heteroatom-doped carbon for the oxygen electrode. Another merit of UR-AFC is the 
improved reaction kinetics in alkaline medium, which helps to improve the sluggish 
oxygen reaction activity due to the multi-electron transfer processes and strong reaction 
irreversibility of oxygen [6]. 
    In this section, a brief summary of the latest bifunctional catalysts for both hydrogen 
and oxygen electrode is given first. Furthermore, recent UR-AFC cell development 
including performance optimization and stability improvement will also be introduced. 
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2.1 Bifunctional hydrogen catalyst (BHC) 
    Pt is commonly employed as BHC in UR-PEMFCs because of its high activity towards 
both HOR and HER. As for UR-AFCs, even though the HOR/HER kinetics on Pt are 
several orders of magnitude slower in alkaline than in acid medium [14], Pt catalyst with 
a relatively small loading (e.g. 0.1-1mgcm-2) is still competent considering both catalytic 
activity and cost efficiency [15-18]. Nevertheless, future perspectives of UR-AFCs will 
still expect non-noble metal based catalysts instead of Pt. 
    Metal hydrides (MH) can be utilized to fabricate bifunctional hydrogen electrode in 
UR-AFCs. Such an integrated electrode can not only participate in catalyzing the 
HOR/HER reaction, but also function as hydrogen storage media. Hu et al. [19] 
investigated the possibility of an AB5-type MH (MmNi3.88Co0.85Mn0.39Al0.4) and a Zr-
based AB2-type MH (ZrNi1.2Mn0.48Cr0.28V0.13) for hydrogen oxidation and generation, 
and found that the AB5-type MH exhibited higher HOR and HER activity than the Zr-
based AB2-type MH, almost comparable to 10 wt.% Pt/C. In addition to MH, nickel and 
silver alloy is also considered to be promising as BHC in alkaline medium. Tang et al. 
[20] synthesized Ni-Ag alloys with various ratios and found that Ni0.75Ag0.25 can exhibit 2 
times HER activity than pure Ni while with comparable HOR activity. 
 
2.2 Bifunctional oxygen catalyst (BOC) 
    Developing non-noble, highly-active and stable BOC in alkaline medium is not only 
requisite for UR-AFCs, but also necessary for other energy storage & conversion devices 
involving the ORR/OER cycling, such as rechargeable metal-air batteries. Great efforts 
have been made in this area with vast publications, including several related review 
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papers [6, 21-26]. Since the main interest of this review is not specifically on catalyst 
progress, therefore, only the latest BOCs in alkaline media will be briefly introduced in 
this section. 
Conventionally, noble metals and their oxides are considered to be the best BOCs with 
the lowest overpotential. However, for large-scale applications non-noble catalysts are 
imperative to replace Pt-based noble metal catalysts in UR-AFCs. Among these non-
noble catalysts, transition metal oxides, carbonaceous materials and inorganic-organic 
composites are very promising and have received great investigation in recent literature 
[23, 26]. In addition, some less-expensive noble metals such as silver were also studied to 
be appropriate BOC candidates. Moreover, hybrid catalysts comprising two or more of 
the above-mentioned BOCs were extensively studied to obtain a synergistic effect. 
 
2.2.1 Transition metal oxides 
Transition metal oxides, especially with the perovskite, pyrochlore, or spinel structures, 
have long been utilized as electrochemical catalysts for ORR/OER in alkaline media [6]. 
Recently, vast R&D efforts have been paid to the perovskite and spinel catalysts, while 
the pyrochlore oxides are less studied [27]. In addition, other transition metal oxides such 
as the manganese oxides are also found to be effective for the oxygen electro-catalysis. 
 
Perovskite oxides 
Perovskite oxides generally have the formula of ABO3, where the A site is rare earth or 
alkali metal ion while the B site is transition metal ion [25]. Despite of their attractive 
bifunctional catalytic ability, the performance is greatly hindered by their low electrical 
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conductivity and limited surface area. Nevertheless, the physical-chemical and catalytic 
properties of perovskite oxides are tunable by changing the composition of the metals. 
Such a substituted perovskite oxide can generally be described by the formula of 
A1−xA’xB1−yB’yO3 [6]. Zhuang et al. [28, 29] prepared La0.6Ca0.4CoO3 by a modified 
amorphous citrate precursor method. Compared with the traditional amorphous citrate 
precursor method, their perovskite exhibited higher surface area and therefore better 
electro-catalytic activity. Malkhandi et al. [30] also prepared La0.6Ca0.4CoO3 and found 
that its area-specific catalytic activity increased with the annealing temperature. To 
increase the electrode surface area, Soares et al. [31] brushed LaNiO3 on a Ni foam 
substrate, which achieved improved catalytic activity compared with the LaNiO3-pelleted 
electrode. Takeguchi et al. [16] found that the Ruddlesden-Popper-type layered 
perovskite, RP-LaSr3Fe3O10, can function as BOC with almost no overpotentials. This 
was because of the easily removable oxygen present in RP-LaSr3Fe3O10. Jung et al. [32] 
also reported that the doped La2NiO4 with a layered perovskite structure showed 
remarkably reduced overpotentials. Jin et al. synthesized Ba0.5Sr0.5Co0.8Fe0.2O3 [33], 
Ba0.9Co0.5Fe0.4Nb0.1O3 [34] and urchin-like La0.8Sr0.2MnO3 [35] by sol-gel, solid-state 
reaction and co-precipitation method, respectively. All these perovskites were identified 
as effective BOCs in alkaline solution. Zhu et al. [36] prepared LaMO3 (M=Fe, Co, Mn) 
via solution combustion synthesis and found that LaCoO3 was more appropriate as BOC 
considering both catalytic activity and charge-discharge stability. Zhang et al. [37] 
improved the bifunctional activity of LaNiO3 by Fe doping, which increased the valence 
state of the surface Ni. Lopez et al. [38] synthesized LaMO3 (M = Co, Mn, Fe, Ni) by a 
sol–gel method, among which LaCoO3 achieved the best performance. In addition, partial 
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substitution of the Ni in LaNiO3 with Mn, Fe, or Co was found to improve the physical 
and electrochemical properties of the catalyst. Liu et al. [39] developed hierarchical 
mesporous-macroporous La0.5Sr0.5CoO3-x nanotubes with high surface area via electro-
spinning technique, which exhibited outstanding intrinsic ORR and OER catalytic 
activity. Chen et al. [40] synthesized oxygen-deficient BaTiO3-x by a sol-gel method, 
which exhibited high bifunctional catalytic activity benefiting from the oxygen vacancies 
in the perovskite crystal structure. Shim et al. [41] synthesized LaCoO3 fibers with high 
surface area by calcination of an electrospun polymer-metal precursor fiber, which 
showed better electrochemical properties than LaCoO3 powders. Stoerzinger et al. [42] 
investigated the role of strain and conductivity in perovskite BOC activity, which was 
helpful to the rational design of highly active catalyst. Oh et al. [43]synthesized 
La0.6Sr0.4CoO3-δ by the Pechini method, which showed much better electro-catalytic 
activity than the Ketjen black. For more details of the perovskite oxide BOCs, readers are 
referred to a recent review by Gupta et al. [25] 
 
Spinel oxides 
Spinel oxides generally have the formula of AB2O4, where the A site and B site are 
both transition metal ions. Among all the spinel BOCs, cobaltite such as Co3O4 and 
NiCo2O4 have received the most attention, which was reviewed by Hamdani et al. [21] in 
2010. Ever since then, continuous research efforts have been paid to develop efficient, 
stable and low-cost spinel catalysts. Cheng et al. [44] prepared nano-crystalline CoxMn3–
xO4 under room temperature rapidly by reduction of amorphous MnO2 precursors in an 
aqueous solution containing Co2+. The as-prepared catalyst outperformed the high-
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temperature prepared CoxMn3–xO4 due to its high surface areas and abundant defects. 
Kong [45] prepared rod and bead-like Co3O4 via a method of chemical synthesis in 
combination with calcinations under different temperatures. It was found that the bead-
like Co3O4 had better bifunctional activity than the rod-like Co3O4. Jin et al. [46] 
prepared NiCo2O4 spinel nanowire arrays with high specific surface area through a facile 
template-free co-precipitation route. The catalyst has promising catalytic activity for 
ORR and OER, as well as excellent stability and reversibility. Sa et al. [47] synthesized 
meso-porous Co3O4 by nano-casting, which showed enhanced activity and stability over 
the Co3O4 prepared by hydrothermal method. This could be attributed to its high surface 
area and structural stability. Prabu et al. [48] prepared hierarchical nanostructured 1-D 
NiCo2O4 by electro-spinning, which showed remarkable electro-catalytic activity towards 
ORR and OER. Maiyalagan et al. [49] developed LiCoO2 with a lithiated spinel structure 
(LT-LiCoO2) by solid-state reaction, which was an efficient electrocatalyst for OER but 
had poor activity for ORR. However, the chemically delithiated LT-Li1-xCoO2 was found 
to be highly active for both ORR and OER. Menezes et al. [50] prepared porous 
CoMn2O4 and MnCo2O4 microspheres by the thermal degradation of respective carbonate 
precursors as BOC. It was found that the cubic MnCo2O4 exhibited better OER activity 
while the tetragonal CoMn2O4 performed better in ORR. They also synthesized Co3O4 
nanochains by low-temperature degradation of a cobalt oxalate precursor, which showed 
excellent OER activity and comparable ORR activity with Pt/C [51]. Xu et al. [52] 
prepared CoFe2O4 hollow nanospheres by hydrothermal method. Superior bifunctional 
catalytic activity as well as excellent stability was achieved, which could be attributed to 
its special 3-D hierarchical porous structure. In addition, MnCo2O4 by sol-gel process 
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[53], NixCo3−xO4 films by electro-deposition [54] and CuCo2O4 by a sacrificial support 
method [55] were also proposed in recent literature. 
 
Manganese oxides 
Manganese oxides (MnOx) have long been considered as fine catalysts for ORR or 
OER [56]. Recently it has been found that some phases of MnOx can exhibit bifunctional 
catalytic activity. Gorlin et al. [57] prepared MnOx thin film on glassy carbon substrate 
by electro-deposition, which showed excellent ORR/OER activity similar to Pt, Ru and Ir, 
and the oxidation state of Mn(III) was confirmed. They also found that a heat treatment 
under 450 or 500℃ can enhance its bifunctional catalytic activity [58]. Pickrahn et al. [56] 
proposed an atomic layer deposition method to prepare MnOx on glassy carbon followed 
by an annealing process. The as-prepared catalyst showed a conformal thin film structure 
and was comparable to the best MnOx catalysts in the literature. Selvakumar et al. [59] 
investigated the effect of nano-shapes on the catalytic activity of α-MnO2. It was found 
that the nano-wire MnO2 exhibited enhanced electro-catalytic activity compared with the 
nano-tube and nano-particle MnO2. Chen et al. [60] studied the effect of Ir-doping on 
MnOx activity. With an increasing Ir content, the ORR activity first increased and then 
decreased, while the OER activity was considerably improved with only a small amount 
of Ir doping. Meng et al. [61] synthesized MnOx of various structures (α, β, δ-MnO2 and 
amorphous) and found that the electro-catalytic activities are strongly dependent on the 
crystallographic structures, which followed an order of α-MnO2 > amorphous > β-MnO2 > 
δ-MnO2. 
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2.2.2 Carbonaceous materials 
Carbon-based materials have been widely employed as effective catalyst support in 
fuel cell electrodes for many years. Recently, heteroatom-doped (e.g. N, S, B or P) 
carbon nanomaterials were found to possess promising bifunctional oxygen catalytic 
ability. These metal-free BOCs have attracted extensive research interests due to their 
reasonable balance between cost, catalytic activity, electronic conductivity, surface area, 
and abundance [24]. Lin et al. [62] prepared N-doped graphene by the pyrolysis of 
graphene oxide and polyaniline. Cheng et al. [63] doped boron into multi-walled carbon 
nanotubes (B-MWCNTs) by thermal annealing MWCNTs in the presence of boric acid. 
Wang et al. [64]synthesized N-doped graphene via a hydrothermal method with ammonia 
as the nitrogen precursor. Zhang et al. [65] doped nitrogen and phosphorus into 
mesoporous nano-carbon foam by the pyrolysis of a polyaniline aerogel synthesized in 
the presence of phytic acid. Vineesh et al. [66] prepared B-doped graphene derived from 
the rhombohedral boron carbide. Yadav et al. [67] synthesized bamboo-shaped carbon 
nitrogen nanotubes with different diameter distribution by a liquid chemical vapor 
deposition technique. Li et al. [68] prepared 2-D microporous carbon sheets derived from 
eggplant via carbonization and KOH activation. He et al. [69] doped nanocarbon-
intercalated graphene with nitrogen and iron. Yuan et al. [70] prepared the N-doped 
activated carbon sheets which was derived from chitin by a facile and cost-favorable heat 
treatment. Lee et al. [71] synthesized 3-D mesoporous graphene from a Ni(II) molecular 
coordination compound. Li et al. [72] prepared the N,P co-doped graphene/carbon 
nanosheets with N,P-doped carbon sandwiching few-layers-thick graphene. Hadidi et al. 
[73] prepared hollow N-doped mesoporous carbon spheres via polymerization and 
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carbonization of dopamine. Qu et al. [74] doped nitrogen and sulfur into mesoporous 
carbon nanosheets on the basis of graphene oxide-polydopamine hybrids. All these 
carbon-based metal-free BOCs were reported to demonstrate outstanding bifunctional 
catalytic activity and good stability, which could be benefited from the heteroatom 
doping effect, large surface area, excellent electronic conductivity, etc. 
 
2.2.3 inorganic-organic composites 
In addition to the above-mentioned inorganic catalysts, inorganic-organic composites 
are also investigated as possible BOC candidates in alkaline media. These organometallic 
complexes are generally composed of metal center and organic matrix, such as the 
transition metal macrocycles and metal–polymer composites [23]. Yin et al. [75] 
embedded α-MnO2 nanoparticles in porous chromium terephthalate matrix (MIL-101(Cr)) 
using a hydrothermal method, which can improve both the catalytic activity and stability. 
They also utilized MIL-101(Cr) to support the cobalt catalyst by an impregnation process 
[76]. Wang et al. [77] prepared a mixed metal-ion metal-organic framework (MOF) via 
hydrothermal method. Ferric and cobalt salts were used as metal-ion precursors and 
trimesic acid as the organic ligand. The as-prepared MOF (Fe/Co) achieved a high 
specific surface area and excellent bifunctional catalytic activity. Cao et al. [78] modified 
the surface of MnCo2O4 with polypyrrole to improve its electronic conductivity. The as-
prepared hybrid exhibited comparable bifunctional activity with commercial Pt/C and 
RuO2/C but with much higher stability. Roy et al. [79] prepared several organometallic 
complexes based on Ni, Co, Cu, or Fe, in which the metals were immobilized by ligands 
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and covalently attached to carbon black. After a one-step pyrolysis, decent activities 
towards ORR/OER were achieved compared with the 30% Pt/C. 
 
2.2.4 Silver catalyst 
Although belonging to noble metals, silver is approximately 100 times less expensive 
than platinum, and has high electrical conductivity, competent catalytic activity, and a 
longer lifetime. Therefore, some researchers studied silver or silver-based materials as 
BOCs. Sasikala et al. [80] prepared Ag nano-powder as BOC in alkaline media by wet 
chemical method, which showed promising characteristics towards ORR and OER. Yang 
et al. [81] fabricated nano-porous Ag-embedded SnO2 thin film by anodic treatment of 
electro-deposited Ag−Sn alloy layers. This highly porous structure greatly improved the 
roughness factor, providing more electro-catalytically active sites for the oxygen 
reactions. Jin et al. [82] grew Ag-Cu dendrites on Ni foams via a two-step galvanic 
displacement reaction, which demonstrated excellent performance and stable cycle ability. 
 
2.2.5 Hybrid catalysts 
To improve the bifunctional catalytic activity and durability, two or more of the above-
mentioned BOCs can be coupled together as hybrid catalysts to achieve a synergistic 
effect. Vast research outcomes have been reported in this field to find effective and cost-
efficient catalyst combinations, including the hybrids of transition metal oxide – carbon, 
transition metal oxide – noble metal, transition metal oxide – transition metal oxide, etc. 
Figure-1 shows SEM images of some hybrid catalysts with various combinations and 
structures. In this section, only a brief summary of these hybrid catalysts is provided. 
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Transition metal oxide - carbon 
Spinel oxides have been extensively utilized in this combination considering their 
outstanding bifunctional activity, such as the Co3O4 [83-92], CoxMnyO4 [93-99], 
CoxFeyO4 [100, 101], CoMnFeO4 [102], CoMnNiO4 [103], Mn3O4 [86], etc. Perovskite 
oxides were also frequently employed to couple with carbon, such as the LaNiO3 [104-
106], BaMnO3 [107], Co-doped LaMnO3 [108, 109], Ba0.5Sr0.5Co0.8Fe0.2O3-δ [110], 
La(Co0.55Mn0.45)0.99O3−δ [108], (La,Sr)CoO3 [111], La0.5Sr0.5Co0.8Fe0.2O3 [112], etc. In 
addition, other metal oxides such as the MnOx [89, 113-115], CoOx [116, 117], NiOx [89, 
116] were investigated in the literature, while some transition metal sulfides [118-121] 
were also applicable in this combination. 
As for the carbon component, many options were available including the graphitized 
carbon [114, 121], carbon nanotubes [84, 89, 97, 100, 103, 104, 106, 109, 112, 113, 115, 
122], graphene [83, 87, 93, 117, 119], reduced graphene oxide [94, 95, 98, 101, 102, 108, 
111, 120, 123], etc. Moreover, these carbon components are generally doped with 
nitrogen, sulfide, or co-doped with them to improve their catalytic activity. 
 
Transition metal oxide – noble metal 
Noble metal alone is not suitable for BOC fabrication in alkaline medium due to its 
high cost and poor abundance. However, it can be coupled with non-noble catalysts with 
a relatively low content, among which silver is especially attractive considering its low 
cost, high electrical conductivity and satisfactory catalytic activity. Several works have 
been done to couple silver with various transition metal oxides, including FeAgMo2O8 
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[124], La0.6Ca0.4CoO3 [125], MnO2 [126], Co3O4 [127, 128], etc. In addition, platinum 
[129-131] and gold [132] were also investigated for this type of hybrid catalyst. 
 
Transition metal oxide – transition metal oxide 
Some researchers coupled two different transition metal oxides together and found that 
the hybrid catalyst outperformed both of its components alone. Such combinations 
include the Co3O4 - MnO2 [133], Co3O4 - Co2MnO4 [134], La0.8Sr0.2MnO3−δ - 
Ba0.5Sr0.5Co0.8Fe0.2O3−δ [135], MnO2 - LaNiO3/LaCoO3 [136], MnO2 - LaCoO3/Nd3IrO7 
[137], etc. 
 
Transition metal – carbon 
In addition to the oxides, transition metal nanoparticles were also utilized to couple 
with carbonaceous materials as hybrid catalysts, among which the cobalt nanoparticles 
were most commonly employed [138-143]. Other metals such as iron and nickel 
nanoparticles were also investigated in the literature [141, 142]. 
 
2.3 Cell development 
UR-AFCs were first proposed and manufactured for aviation and aerospace purpose 
due to their distinct advantage in power output and energy density. Various NASA 
patents concerning this technology were filed since 1960s. However, their development 
gradually slowed down later on, while research interests were transferred to UR-PEMFCs 
with solid PEM electrolyte. Recently, with the development of non-noble electrocatalysts 
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and AEM electrolyte, interests on UR-AFCs have returned considering their potential 
cost superiority and improved reaction kinetics against UR-PEMFCs. 
 
2.3.1 Carbon-free electrode 
    GDL plays very important roles in electrodes, which provides both supporting 
substrate and gas channels for the catalyst layer. In conventional AFCs, carbon papers or 
carbon cloths are commonly employed as GDL. For UR-AFCs, however, carbon 
materials can be easily corroded at high potentials in EC mode, leading to a poor stability. 
Figure-2 shows a carbon paper-based oxygen electrode with severe corrosion after 200 
cycles’ operation in alkaline environment. To solve this problem, carbon-free GDLs such 
as nickel foam [144-146], Au-coated titanium mesh [18] and stainless steel substrate [17, 
147, 148] are normally utilized instead for oxygen electrode fabrication. 
 
2.3.2 AEM-based URFC prototypes 
A UR-AFC based on AEM is very fascinating compared with its aqueous alkaline 
electrolyte-based counterpart. Several latest prototypes with either commercial or home-
made AEMs were proposed recently, which were summarized in Table-1 with their 
performance, efficiency and stability compared. However, till now the reported UR-AFC 
performances and RT-efficiencies are still lower than those in UR-PEMFCs. 
Wu et al. [15] developed a UR-AFC with Pt/C as BHC and Cu, Mn-incorporated 
Co3O4 as BOC. The electrolyte was a home-made AEM. After coating the catalysts onto 
the opposite sides of the membrane using an air-brush, two carbon papers were used to 
sandwich the MEA and functioned as current collector. However, this cell only achieved 
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moderate performance, i.e. a peak power density (PPD) of 80mWcm-2 under 40℃, 
mainly due to the low ionic conductivity of the AEM. To solve this problem, Wu et al. 
[18] developed a new AEM by filling the pores of a porous PTFE with an anion exchange 
ionomer (qPDTB-OH-). This new AEM can be ultrathin thus leading to a much lower 
resistance. UR-AFC prototype utilizing this AEM achieved a higher PPD of 163mWcm-2 
at 45℃, even with a lower anode catalyst loading. As for the stability, this cell was 
charged at 100mAcm-2 for nearly 200hrs with degradation rate of 0.0379mVh-1 for the 
first 120hrs, showing satisfying durability possibly attributed to the Au-coated titanium 
mesh as GDL for oxygen electrode. 
For large-scale applications, future UR-AFC systems should totally get rid of the noble 
metal-based catalysts in both electrodes. Ng et al. [149] first proposed such a noble 
metal-free UR-AFC prototype with Ni/C as BHC, a mixture of Ni/C and MnOx/Glassy-
carbon as BOC, and a commercial AEM as electrolyte. However, tested under 65℃, PPD 
of only 16.5mWcm-2 was achieved. RT-efficiency at 10mAcm-2 was 40% at the 
beginning, but dropped to 34% after 8 charge-discharge cycles, which might be due to the 
carbon materials used as catalyst support and GDL. To improve the stability, a stainless 
steel mesh was employed instead of the carbon catalyst support [17]. This time the UR-
AFC achieved significantly enhanced durability for 10 cycles. 
The strong irreversibility of ORR/OER in oxygen electrode causes high overpotentials 
during both discharge and charge processes, leading to poor reversibility and low energy 
efficiency. Takeguchi et al. developed a UR-AFC prototype with much lower 
overpotentials in both modes, as shown in Figure-3. Such high energy efficiency was 
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benefited from the novel BOC, i.e. the RP-LaSr3Fe3O10, which showed much lower 
overpotentials than the RuO2-IrO2 and LaMnO3/LaNiO3 catalyst. 
    UR-AFCs can also be microminiaturized as on-chip power sources in micro-electro-
mechanical systems (MEMS). Bretthauer et al. [150] fabricated a micro-scale UR-AFC 
as a micro-accumulator for energy harvesting purpose in an autonomous MEMS. This 
micro cell employed LaNi5-based MH as hydrogen electrode and storage, AEM as 
electrolyte and deposited Pt as air-breathing oxygen electrode. A PPD of 0.559mWcm-2 
was achievable. However, the sputtered Pt thin-film electrode failed to provide sufficient 
electro-catalytic surface for the oxygen reaction, and the use of precious metal is not cost-
efficient. In another paper, Bretthauer et al. [151] replaced Pt with La0.6Ca0.4CoO3/C 
which was sprayed on a perforated Ni membrane as air-breathing electrode. This 
precious-metal free micro UR-AFC achieved a PPD of 0.66mWcm-2 and very stable 
performance in both modes. 
 
3. Reversible Solid Oxide Fuel Cell (RSOFC) 
Solid oxide fuel cell (SOFC) is a kind of high temperature fuel cell. Unlike PEMFC or 
AFC which generally operates below 200℃, intermediate-temperature SOFC [152] 
usually works in the range of 500-750℃, and high-temperature SOFC [153] works in the 
range of 750-1000℃. Benefiting from this temperature advantage, SOFC can utilize 
hydrocarbons directly as fuel, and earth-abundant non-precious materials for fabricating 
its cell components such as the electrolyte and electrodes. Moreover, the reaction activity 
and energy efficiency are also improved [154-158]. 
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A SOFC can be reversely operated for fuel generation purpose, namely the solid oxide 
electrolysis cell (SOEC). SOEC shares many similarities with SOFC, including high 
temperature operation, electrolyte and electrode material, and cell structure etc. Moreover, 
one extraordinary feature of SOEC against other water electrolysis technologies is its 
ability to utilize heat input to decrease the electrical consumption when producing fuel. 
As shown in Figure-4, the overall energy demand during SOEC operation is insensitive to 
temperature. Therefore, a temperature rise can significantly decrease the electrical energy 
demand by increasing the thermal energy demand [154], leading to a much higher 
electrical-to-chemical energy efficiency which can even exceed 100% [159]. However, 
direct operation of SOFC as SOEC can bring several long-term stability problems due to 
the different electrical potential gradient and reaction environment between these two 
reverse processes [160]. 
Since the structure and materials are very similar between SOFC and SOEC, it is 
obvious that a solid oxide cell can alternatively work in FC and EC mode. Such a device 
is called the UR-SOFC, or more commonly cited as reversible solid oxide fuel cell 
(RSOFC) in the literature [152, 153, 160]. Pioneer works on the reversibility of RSOFC 
were presented by Erdle et al.[161] for tubular cells, and by Shimaki et al.[162] and 
Kusunoki et al. [163] for planar cells. Afterwards, more and more research efforts have 
been paid on this technology, including several related review papers [5, 154-158, 164]. 
However, as mentioned earlier, the material and structural degradation is still a great 
challenge for the practical application of RSOFC. Due to the high temperature 
regenerative operation, conventional electrolyte/electrode materials may be no longer 
25 
 
appropriate, demanding for a further investigation for more suitable materials for the 
FC/EC operations. 
According to the electrolyte type, the existing RSOFCs can be divided into two main 
categories: RSOFC with oxygen ion-conducting electrolyte (RSOFC-O) [152, 153, 160, 
163, 165-195], and RSOFC with proton-conducting electrolyte (RSOFC-H) [196-200]. In 
addition, an innovative RSOFC with mixed protonic-anionic conducting dual-electrolyte 
was presented recently by Viviani et al. [201] despite of its moderate performance, while 
a co-ionic conducting electrolyte which can simultaneously conduct H+ and O2- during 
the operation was also reported by Zheng et al. [202]  In this section, recent R&D efforts 
on these two types of RSOFCs will be introduced separately, while modelling works will 
also be briefly introduced. 
 
3.1 RSOFC with oxygen ion conducting electrolyte (RSOFC-O) 
    To date, RSOFC-O is the mainstream of RSOFC study due to the abundant research 
experience on oxygen-ion conducting electrolyte-based SOFCs and SOECs, and its 
superior performance compared with RSOFC-H [158]. Preliminary test of a RSOFC-O 
based on conventional SOFC materials was done by Kusunoki et al. [163] and good 
reversibility between FC and EC mode was verified. However, it is well-known that 
RSOFCs based on conventional materials usually achieve poorer performance and 
stability in EC mode than in FC mode. Therefore, great efforts have been done on 
material optimization for different cell components, which will be discussed in detail 
below. In addition, other research works related to RSOFC-O are also introduced, 
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including stability study and systematic issues such as stacking, cell structure, and syngas 
operation. 
Table-2 summarizes RSOFC-O prototypes demonstrated to date since the 1990s, 
including the electrode and electrolyte materials, PPD and stability. Due to their 
possibility of reverse mode operation, the existing SOFCs and SOECs in the literature 
can actually be treated as potential RSOFCs. However, only the research works including 
cell operation in both modes are reviewed here. 
 
3.1.1 Material optimization 
Electrolyte 
    Typical oxygen ion conducting electrolytes include yttria-stabilized zirconia (YSZ), 
scandia-stabilized zirconia (ScSZ), doped lanthanum gallate such as the Sr, Mg-doped 
LaGaO3 (LSGM), and some ceria-based oxides such as the samaria-doped ceria (SDC) 
and gadolinium-doped ceria (GDC) [154]. Among all these materials, YSZ is currently 
the most popular electrolyte for RSOFC development, as indicated in Table-2. 
    Same as in the cases of SOFCs and SOECs, YSZ is still the most utilized electrolyte 
material for RSOFC-O due to its good thermal and chemical stability, high oxygen ion 
conductivity, and fine mechanical strength at high temperature (800-1000℃) [169]. Both 
thick YSZ pellet (0.5-1mm) [163, 165-168, 176, 180] and thin YSZ membrane (<100µm) 
[174, 175, 177, 178] have been employed for the electrolyte-supported and electrode-
supported RSOFC-Os, respectively, and have achieved satisfactory performance in both 
modes. Fan et al. [188] employed a thin YSZ electrolyte (20-30µm) and achieved a PPD 
of 0.9Wcm-2 at 800℃. However, Bercero et al. [153] found that YSZ electrolyte can be 
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reduced at high electrolysis potentials, leading to an irreversible damage to the YSZ-
oxygen electrode interface. In addition to yttria, other dopants such as scandia and ceria 
were also employed for zirconia as RSOFC-O electrolyte material, such as the ScSZ [190, 
192] and ScCeSZ [152, 181]. 
Zirconia-based electrolyte is competent for high temperature operation (800-1000℃), 
while other electrolyte materials such as the doped lanthanum gallate and ceria-based 
oxides are more suitable for intermediate temperature operation (500-800℃) [154]. 
Lanthanum gallate typically doped by Sr and Mg, i.e. the LSGM, is a very promising 
electrolyte material which is compatible with Co-based perovskites. However, LSGM is 
known to be incompatible with nickel-based fuel electrode, which is the best hydrogen 
electrode material till now. Elangovan et al. [172] found that by using Ni-MgO instead of 
Ni, the reactivity between gallate electrolyte and hydrogen electrode is lowered. Ceria-
based electrolytes are effective in lowering the electrode polarization, but the reduction of 
Ce4+ to Ce3+ at high applied voltage leads to serious stability problems [154]. In order to 
prevent the reduction process, composite electrolyte composed of both a SDC/GDC layer 
and a thin YSZ layer were proposed [160, 173, 187, 189, 191, 193]. 
 
Bifunctional hydrogen electrode (BHE) 
    As shown in Table-2, Ni blended with the corresponding electrolyte material is 
currently the most utilized BHE due to its low cost, high electrochemical reactivity, and 
high electronic conductivity [169]. However, Ni can be easily oxidized during 
electrolysis operation, which demands for a portion of hydrogen gas input together with 
the steam in EC mode. In addition, the poor redox cycle ability of Ni will cause volume 
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instability (coarsening of Ni particles) [169, 185]. Nevertheless, research works on BHE 
are still mainly focused on the optimization of Ni-based electrode, especially on its 
structural optimization. Momma et al. [166] found the asymmetric behavior of Ni-YSZ 
electrode in FC & EC modes, indicating the existence of a diffusion-limited process in 
EC mode operation, even though the cell is electrolyte-supported. As for hydrogen 
electrode-supported cell, the asymmetric behavior would be much severer due to the 
mass transfer resistance of steam. To solve this problem, a two-layer electrode structure 
was proposed with a thin Ni-YSZ functional layer and a thick Ni-YSZ support layer 
[158], as shown in Figure-5(b). The thin functional layer has micro-pores for better 
contact with the electrolyte layer while the thick support layer has macro-scale pores for 
better mass transport. Ni et al. [203] also studied the effect of this micro-structurally 
graded electrode, and found it beneficial to mass transport but with negligible effects on 
the ohmic and activation overpotentials, especially for thick electrodes. Compared with 
conventional electrode with uniform porosity and particle size as shown in Figure-5(a), 
this micro-structurally graded electrode showed significantly higher power density in FC 
mode operation. Choi et al. [185] found that an extra porous Ni-YSZ layer between the 
hydrogen electrode and electrolyte can improve the cell performance due to the improved 
diffusion of reactive species inside the electrode. Yoon et al. [191] optimized the poor 
structure of hydrogen electrode by using poly(methyl methacrylate) (PMMA) as pore-
forming agent. Consequently, the hydrogen production rate in EC mode is improved by a 
factor greater than two. 
Conventionally, Ni-YSZ electrode is fabricated by mixing Ni powder with electrolyte 
slurry followed by a sintering process. Instead, a novel fabrication method is proposed by 
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depositing the Ni catalyst into a porous scaffold which is made of the electrolyte material. 
This novel method was reported to be helpful in overcoming the Ni agglomeration 
problem. Uchida et al. [168] dispersed nm-sized Ni catalysts into a porous SDC scaffold. 
The electrode exhibited stable performance at 0.6Acm-2 and 800℃ for over 1100hrs. 
Cable et al. [179] infiltrated Ni nitrates into YSZ scaffold and then decomposed the 
nitrates into metallic Ni by heat treatment. As shown in Figure-6, no obvious evidence of 
Ni agglomeration was found after the electrolysis operation. Chen et al. [192] also 
deposited Ni-SDC into YSZ scaffold as BHE by an impregnation method. After been 
charged at 166mAcm-2 and 600℃ for more than 300hrs, cell performance was 
significantly increased probably due to the reorganization of particles or the slight 
decrease in OCV. 
 
Bifunctional oxygen electrode (BOE) 
For BOE fabrication, lanthanum strontium manganite (LSM) is widely applied in 
RSOFC-Os, which has decent oxygen catalytic property, high electronic conductivity, 
low ionic conductivity, low reactivity with YSZ, and thermal expansion coefficient close 
to YSZ [187]. To increase the triple phase boundary and reaction sites, a mixture of LSM 
and YSZ is usually utilized instead of LSM alone. Despite of these merits, LSM-YSZ 
electrode is found to be less stable in EC mode than in FC mode, which causes 
degradation problems in regenerative operation [165]. Instead of LSM, mixed ion- and 
electron-conducting materials (MIEC) such as lanthanum strontium ferrite (LSF), 
lanthanum strontium copper ferrite (LSCuF), and lanthanum strontium cobalt ferrite 
(LSCF) are proposed which generally show lower overpotential losses and better 
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catalytic activities. However, these materials suffer from high reactivity with YSZ 
electrolyte at high temperatures [173]. Other BOE materials were also developed to 
improve the stability status, especially for EC mode operation. Bercero et al. [152] 
employed La2–xSrxCo0.5Ni0.5O4±δ (LSCN) as oxygen electrode with ScCeSZ as electrolyte. 
The cell performed equally in FC and EC mode with very close ASR values, indicating a 
good reversibility possibly attributed to the flexible oxygen non-stoichiometry of LSCN. 
Rao et al. [184] used Sm0.5Sr0.5CoO3−δ (SSC) blended with SDC electrolyte material as 
oxygen electrode. Even though SSC has excellent surface oxygen exchange rate, 
electrical conductivity and bulk oxygen ion diffusion coefficient, its high cost and lack of 
the thermal compatibility has hindered the application [160]. To solve this problem, Lee 
et al. [160] impregnated the SSC catalyst into a porous LSCF-GDC composite backbone 
as oxygen electrode. Other oxygen electrode materials such as Nd2O3-Nd2NiO4+δ [192] 
are less studied in the literature. 
 
3.1.2 Stability study 
    It is well known that the long-term performance degradation is much faster for a SOEC 
than a SOFC [157]. Similarly, a RSOFC generally faces inferior stability in EC mode 
than in FC mode [190]. As shown in Figure-7, the major causes to RSOFC single cell 
degradation include Ni particle agglomeration [204], Si-containing impurities from glass 
sealants [174], oxygen electrode delamination [190, 205] , YSZ electrolyte reduction 
[153], etc. As for RSOFC stack, Cr-poisoning from the metallic interconnects should also 
be considered. 
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    Hauch et al. [174] operated their RSOFC in EC mode and found that the voltage 
degradation rate was 2%/1000h at 500mAcm-2 under 850℃, which was higher than in FC 
mode with similar cells. The main reason for this degradation is the increased loss of 
hydrogen electrode, even though no electrode porosity change or delamination from the 
electrolyte was found. However, Si-containing impurities were found in the hydrogen 
electrode which may partially block the reaction sites. Schiller et al. [175] tested their 
metal-supported RSOFC in EC mode at 300mAcm-2 under 800℃ and the degradation 
rate was 3.2%/1000h. Possible reasons behind this degradation include oxidation of the 
metal-support, and Ni coarsening in the BHE. 
    While some researchers focus on the study of RSOFC stability in EC mode, stability 
problems in alternative regenerative mode operation may be a more pressing challenge. 
Figure-8 compares several cycle test results of RSOFCs from different research groups, 
which shows unsatisfactory cycle stability in (a)-(c), while better results are achieved in 
(d) and (e). Cable et al. [179] found their cell degraded much faster in regenerative mode 
operation with a rate around 30%/1000h in both modes. Choi et al. [185] found that the 
successive regenerative mode operation has brought great challenge to the cell 
reversibility, which was mainly caused by the grain growth in oxygen electrode. Hong et 
al. [190] applied LSC as oxygen electrode to a 3-cell stack, which faced rapid 
degradation in regenerative mode operation within 5 cycles (140h). Crack formation and 
delamination at the electrolyte-barrier layer interface were responsible for this rapid 
degradation. Same phenomenon was also mentioned by Fan et al. [189] whose cell also 
encountered rapid degradation after 13 regenerative cycles (26h), which was also 
attributed to the delamination of the barrier layer from the electrolyte. Fan et al. [188] 
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also tried to infiltrate LSCF powder into the porous YSZ backbone as oxygen electrode, 
however, the agglomeration of LSCF particles will lead to instability during the FC-EC 
regenerative cycles. Even with so many reports on regenerative mode instability, there 
was one encouraging result reported by McElroy et al. [171] Their RSOFC has been 
demonstrated for over 1000 hours with stable operation in regenerative mode, and the 
degradation rate of RT-efficiency was as low as 0.5%/1000h. 
    Matsui et al. [167] studied the RSOFC stability under limited fuel condition in FC 
mode and limited steam condition in EC mode to simulate the gas environment at the 
downstream part of the cell when high fuel utilization was required. They found that a 
much faster degradation occurred than those under sufficient fuel and steam conditions, 
indicating the trade-off between fuel utilization and long-term stability of RSOFCs in 
practical applications. 
Yoo et al. [195] proposed the use of lanthanum nickelate, La2NiO4+δ (LNO) as oxygen 
electrode and believed that its ability to accommodate excess oxygen species in 
interstitial positions can help to mitigate the electrode-electrolyte delamination problem. 
However, only the FC mode long-term stability was confirmed in their experiment, while 
the stability in EC mode remained to be seen. 
 
3.1.3 Systematic development 
Stacking 
    To obtain practical voltage and power output, RSOFC single cells need to be stacked 
together while separated by interconnects between each two cells. Both short stacks with 
several cells [186, 190] and long stacks with 25-100 cells [171, 172] have been proposed 
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in the literature. As for interconnects, metallic-based plates with flow fields curved on 
both sides are commonly employed, which functions similarly to the BPPs in UR-
PEMFC stacks. In addition, Cable et al. [179] have developed a thin, Ca-doped LaCrO3 
interconnect instead of conventional metal interconnects, which can not only improve the 
system energy density, but also greatly mitigate the Cr poisoning effect compared with 
metallic interconnects. Figure-9 exhibits several RSOFC stack prototypes reported to date, 
including the NASA all-ceramic stack by Cable et al. [179], Jülich 2-cell stack by 
Nguyen et al. [186], and a 200W-class 3-cell stack by Hong et al. [190] 
Stack degradation tends to be faster than single cell degradation probably due to the 
extra influences from the piping, interconnects and sealing [186]. Nguyen et al. tested a 
2-cell stack for 8000 hours in total under both constant FC mode and EC mode operation. 
Degradation rate of 0.6%/1000h was achieved in FC mode, while negligible degradation 
was found in EC mode operation at lower current density. However, the degradation 
increased when the electrolysis current density increased from 300 to 875mAcm-2 [186]. 
Elangovan et al. [172] tested an 8-cell stack in FC mode and found that the degradation 
rate was as high as 20% per 1000h, which was mainly due to the Cr evaporation from the 
metal interconnects. By replacing the ferritic stainless steel with nickel-based super-alloy 
as interconnects to alleviate Cr evaporation, the stack achieved much better stability in 
EC mode for about 150hrs. Hong et al. [190] fabricated a 3-cell RSOFC stack with 
metallic interconnects. Tested under 750℃ in FC mode, the stack achieved a power 
output of 200W at 2.2V and 90.9A, while the cell ASR in EC mode was found to be 
comparable to that in FC mode. The stack also exhibited quite stable performance in EC 
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mode with a low degradation rate of 7.75% per 1000h. However, similar to RSOFC 
single cells, alternative regenerative operation of the stack will lead to fast degradation. 
 
Symmetrical RSOFC 
Symmetrical fuel cells utilize the same catalytic material for both electrodes, which is 
applicable not only to SOFCs/SOECs but also to RSOFCs as long as the material itself is 
redox reversible [155]. Symmetrical RSOFCs hold several advantages against the 
conventional RSOFCs, such as reduced strains during manufacture, ease of co-sintering, 
and lower fabrication cost [169]. Bastidas et al. [169] employed (La0.75Sr0.25)Cr0.5Mn0.5O3 
(LSCM) perovskite as symmetrical electrode for RSOFC. The cell achieved a PPD of 
0.3Wcm-2 at 900℃, and the ASR values are very close in two modes, i.e. 0.78Ωcm-2 in 
FC mode and 0.84Ωcm-2 in EC mode, indicating a fine reversibility. Molero-Sanchez et 
al. [194] found that the mixed-conducting perovskite oxide, La0.3Ca0.7Fe0.7Cr0.3O3−δ 
(LCFCr), is suitable for symmetrical electrode fabrication. During the reversible 
operation, LCFCr electrode showed very good stability with little loss in performance, 
and no interfacial damage was observed. Liu et al. [206, 207] utilized Sr2Fe1.5Mo0.5O6– δ 
(SFM) perovskite as symmetrical electrode. In FC mode, OCV was 1.07V and PPD 
reached 835mWcm-2 at 900℃, while in EC mode an electrolysis current of 0.88Acm-2 
and a hydrogen production rate of 380mlcm-2h-1 were achieved at 1.3V. Furthermore, the 
cell has demonstrated stable performance in EC mode at 1.2V for 100hrs. 
 
Planar vs. tubular RSOFC 
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Similar to SOFCs and SOECs, both planar and tubular RSOFCs have been proposed in 
the literature, while the tubular type is far less studied than the planar cells. In addition, 
the size of these tubular RSOFCs is usually very small, i.e. with an active area from 2cm2 
[153] to 7.5cm2 [182], which is also called the micro-tubular RSOFC. Figure-10 shows a 
typical micro-tubular RSOFC prototype. The inside fuel electrode layer (pink) is much 
thicker than the middle electrolyte layer (red) and outside oxygen electrode layer (blue), 
which serves as the support for the whole cell, while Ni mesh on the electrode surface 
serves as current collector. Compared with planar cells, micro-tubular RSOFCs achieve 
several advantages such as higher power density per unit volume, rapid thermal cycling, 
easy sealing, and less redox cycling damage [153]. 
 
Syngas operation 
In addition to the “H2-H2O” cycle, RSOFC is also possible with the “hydrocarbon fuel-
CO2” cycle benefiting from its high temperature operation, which is commonly known as 
the syngas operation. As shown in Figure-11, hydrocarbon fuels such as CH4 or methanol 
can be directly utilized to produce electricity in FC mode. In EC mode, CO2 waste and 
steam can be co-electrolyzed to produce syngas (CO-H2 mixture) first, and the syngas can 
then be converted to either CH4 or liquid hydrocarbon fuels through the methanation 
reaction (Eq. (1)) or the Fischer-Tropsch reaction (Eq. (2)), respectively. RSOFCs with 
the “hydrocarbon fuel-CO2” cycle hold several advantages against the conventional “H2-
H2O” cycle, such as easier fuel storage and transportation, higher RT-efficiency etc. [177] 
𝐶𝑂 + 3𝐻2
 
↔ 𝐶𝐻4 + 𝐻2𝑂        (1) 
𝑛𝐶𝑂 + (2𝑛 + 1)𝐻2
 
↔ 𝐶𝑛𝐻(2𝑛+2) + 𝑛𝐻2𝑂        (2) 
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    Zhan et al. [177] studied the co-electrolysis of CO2-H2O-H2 to produce syngas. 
Operated on 25% CO2, 25% H2O and 50% H2 at 800℃ and 1.3V, syngas production rate 
of 7sccm cm-2 was yielded. Compared with pure H2O electrolysis, pure CO2 electrolysis 
was much slower, while the H2O-CO2 co-electrolysis rate was only slightly decreased. 
They also found that the cathodic reactions are probably dominated by H2O reduction, 
while CO is mainly produced via the reverse water gas shift reaction (WGSR) instead of 
direct CO2 reduction [178]. Ni [208] also found that the reversible methanation and 
reforming reactions are not favored in H2O-CO2 co-electrolysis, while the WGSR can 
significantly influence the co-electrolysis behavior. Moreover, it was found that the 
reversible WGSR contributed to CO production at a low operating potential while 
consuming CO at a high operating potential, which also depended on the operating 
temperature and inlet gas composition [209]. 
    Stability problem with syngas operation may be quite different from those utilizing 
pure H2 and steam. Lohsoontorn et al. [180] studied the durability of Ni-YSZ hydrogen 
electrode under various gas environments. They found that Ni-YSZ was very stable in 
H2O electrolysis condition and in H2O-CO2 co-electrolysis condition, while significant 
degradation occurred when CO2 electrolysis was carried out. Nguyen et al. [186] also 
found that the degradation rate of H2O-CO2 co-electrolysis is only slightly higher than 
H2O electrolysis. 
 
3.2 RSOFC with proton-conducting electrolyte (RSOFC-H) 
    Compared with RSOFC-O, research works on RSOFC-H so far are much less, but with 
great potential for energy conversion applications under intermediate temperatures (500-
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700℃). By employing a proton-conducting electrolyte, steam is provided to the BOE side 
during EC mode operation, therefore producing pure hydrogen in the BHE side without 
further need of hydrogen separation [197]. In addition, a potentially higher energy 
efficiency can be achieved with a proton conducting electrolyte [210], and the lower 
activation resistance of RSOFC-H makes it very suitable for intermediate temperature 
operation, which is advantageous in material selection and cell fabrication [197]. 
Furthermore, the configuration dilemma between BHE-support and BOE-support 
structure is no longer a problem for RSOFC-H, since the BHE-support structure favors 
both FC & EC mode operation [197]. All these advantages of RSOFC-H make it a 
fascinating and promising technology for energy conversion purpose at intermediate 
temperature range. However, more R&D efforts should be paid on its performance 
improvement, electrode optimization, and long-term stability before any practical 
applications. 
    Since Iwahara et al. [211] first applied SrCeO3 as proton conducting electrolyte for 
water electrolysis in 1981, more and more proton-conducting materials were developed 
for SOFCs and SOECs, such as the doped BaZrO3, BaCeO3, and SrZrO3 [200]. Among 
them, BaCeO3 is most widely utilized, but its thermodynamic instability against H2O and 
CO2 has hindered its further application [200]. Compared with BaCeO3, the BaZrO3-
based electrolyte is chemically stable against H2O and CO2, but has very poor 
sinterability for electrolyte fabrication [196]. One eclectic solution is to introduce Zr into 
BaCeO3 to enhance its chemical stability. Under this strategy, the yttrium-doped barium 
cerate zirconate (BCZY) becomes one of the most promising proton-conducting material 
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which shows both high conductivity and chemical stability under H2O/CO2/H2S-
containing environment [197, 199, 200]. 
    Table-3 summarizes several RSOFC-H prototypes reported to date, including 
electrolyte and electrodes materials, operating temperature, PPD, and stability studies. As 
mentioned earlier, BCZY is widely employed for electrolyte fabrication due to its good 
performance and stability. For BHE, Ni blended with electrolyte material is still 
predominant which is similar to the case in RSOFC-O. As for BOE, some RSOFC-Hs 
employed the same material as RSOFC-Os such as LSC [198] and SSC [197], while 
others utilized particular materials such as BaZr1-xCoxO3-δ (BZC) [199] or 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) [200]. To inhibit the oxygen ion conductivity of the 
electrolyte, intermediate temperature from 500 to 700℃ is generally applied. Under this 
temperature range, PPD as high as 493mWcm-2 was achieved at 600℃ by Yoo et al. [200] 
as shown in Figure-12. However, RSOFC-H still generally provides lower power output 
than RSOFC-O. This might be due to the un-optimized electrode material and micro-
structures such as the porosity, pore size, tortuosity etc. [158, 210], which induces great 
research potential in the future. 
    In addition to performance disadvantage, the long-term and regenerative stability is 
also an important issue for RSOFC-H. Rao et al. [199] operated their cell at 1.3V in EC 
mode and achieved quite stable result for 5hrs, while Yoo et al. [200] found their cell 
relatively stable at 300mAcm-2 in FC mode for 600hrs. Nonetheless, no long-term EC 
mode tests or regenerative mode tests are available till now, which calls for further 
investigations. 
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3.3 Modelling works 
    Mathematical modelling is a cost-effective method for RSOFC design and parametric 
optimization. Moreover, it can provide a deep-going understanding of the fundamental 
mechanisms during RSOFC operation [212]. Ni et al. analyzed the concentration 
overpotentials of RSOFCs with either an oxygen-ion conducting electrolyte [213] or a 
proton conducting electrolyte [214, 215]. For RSOFC-O in EC mode operation, high 
concentration overpotential occurred in the BHE side which restricts cell performance, 
while in FC mode the high concentration overpotential occurred in the BOE side. This 
concentration overpotential discrepancy in two modes has brought a configuration 
dilemma to RSOFC-O as mentioned earlier. However, this dilemma is eliminated for 
RSOFC-H because the high concentration overpotential occurred in the BOE side in both 
modes, which favors the hydrogen-electrode support configuration. Moyer et al. [182] 
developed a model for RSOFC with syngas operation. They found that the combination 
of hydrogen- and oxygen-spillover mechanisms provided a better representation of 
situations involving H2-CO electro-oxidation and H2O-CO2 electrolysis. Su et al. [216] 
developed a 2-D axisymmetric model for button cells and found a great fuel 
concentration gradient near the electrolyte-electrode interface. They also found that the 
temperature and electrode porosity have a beneficial effect on RSOFC performance 
attributed to the enhanced electrochemical reactions and species mass transfer [217]. 
García-Camprubí et al. [218] reviewed the fitting process of the electrochemical 
parameters in the existing SOFC, SOEC and RSOFC modelling works, and concluded 
that this process was not clearly explained or sufficiently justified. They found that the 
charge transfer coefficients are not always equal to 0.5, which can be more accurate by 
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thorough and careful fitting, and the value of exchange current density depended on the 
reactant concentration. They also introduced a comprehensive model for RSOFC 
simulation together with a detailed fitting process of the electrochemical parameters. 
Kazempoor et al. [219] integrated a SOFC model with a SOEC model to form a general 
RSOFC model. Cell behavior under various conditions can be precisely simulated by this 
model with proper fitting parameters. With this model, various operating parameters were 
investigated, such as the operating temperature, gas composition, flow rate and 
pressurized operation, etc.  
    Most of the RSOFC modelling works focused on steady-state operation, while Jin et al. 
[212] studied the RSOFC modelling in switching-mode operation. They developed a 2-D 
transient mathematical model to study the changes of various parameters during the 
mode-switch period, such as the ionic and electronic potentials, mass fraction distribution 
of H2/O2/H2O, etc. 
    For practical applications such as the distributed energy storage and conversion, the 
implementation of a RSOFC system must be considered, which may bring extra design 
challenges on system configuration and operation conditions. Wendel et al. [220, 221] 
studied the thermal management strategy for a RSOFC system through both experimental 
and modelling works. By utilizing carbonaceous reactant species and adopting 
intermediate temperature operation, the RSOFC system was able to be thermally self-
sustained in EC mode. Moreover, trade-offs between electric efficiency, thermal 
management, energy density and durability were also found. Ren et al. [222] studied the 
integration of a RSOFC system with a power electronic invertor for distributed power 
storage/generation purpose. In a discharge-charge cycle, the maximum energy storage 
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efficiency was calculated to be 64%. In addition, the trade-off between two invertor 
control algorithms was also investigated. 
 
4. Reversible microfluidic fuel cell (RMFC) 
    Since its first appearance in 2002 [223], microfluidic fuel cell (MFC) has received 
numerous R&D attentions due to its distinctive advantages such as cost-effectiveness, 
easy fabrication, elimination of membrane-related problems, flexible pH adjustment etc. 
[8]. A MFC is the kind of device which utilizes two laminar flows in parallel to deliver 
fuel and oxidant to the anode and cathode respectively, with all components confined in a 
microfluidic channel [8]. During the operation, flow interface in the middle of the 
channel serves as a virtual membrane to separate fuel and oxidant and to transfer ions. 
Figure-13 shows some common cell structures of MFC [9], including the T-shape 
channel with electrodes on the channel bottom, T-shape channel with electrodes on the 
two channel sides, F-shape channel with an air-breathing cathode, and a specific structure 
with flow-through electrodes for vanadium species. To date, various types of fuel, 
including vanadium redox species [224-226], hydrogen [227, 228], methanol [229, 230], 
ethanol and formic acid [231-233], have been applied in MFC, while great efforts have 
been made on their power output, fuel utilization [234, 235], stacking [236, 237], fuel 
cycling [238], etc. In addition, modelling works were also reported to better understand 
the electrochemical mechanism of this technology [239-244].  
    RMFC is a new concept which endows MFC the ability to reproduce fuel in EC mode. 
Figure-14 illustrates how a typical air-breathing RMFC system works. In FC mode, fuel 
and electrolyte are pumped through the cell and O2 is supplied from the ambient air, 
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while the generated CO2 and remaining electrolyte are stored in separate reservoirs. 
During EC mode, the CO2 and electrolyte are pumped back to the cell for electrolysis 
reaction to re-generate the fuel and release O2 to the ambient. Feasibility of this concept 
is first experimentally investigated by Kjeang et al. [226] in a vanadium RMFC with 
flow-through porous electrodes. During the charge mode, V2+ and VO2+ are regenerated 
by pumping waste solution back to the channel and applying an electrolytic voltage. In 
this way, the RMFC works similarly to redox flow batteries. In addition to vanadium, 
hydrogen and hydrocarbon fuel reproduction is also possible with this technology. 
Hydrogen production via water electrolysis is a common process for most URFCs and 
may be especially advantageous for RMFC considering its pH adjustment ability. As for 
hydrocarbon fuels such as formic acid and methanol, this research trend shows enormous 
importance for building a carbon neutral energy conversion cycle [245]. Whipple et al. 
[246] developed a RMFC for the reduction of CO2 to formic acid. It was found that an 
acidic pH environment could lead to a significant increase in faradaic and energetic 
efficiencies, which can reach 89% and 45% at 100mAcm-2, respectively. Xuan et al. [247] 
developed a computational model to study the effect of pH on RMFC performance 
especially on BOE side, and they also found that RMFC favors acidic operation. In order 
to find out the limiting factors to RMFC performance, Wang et al. [248] developed a 
numerical model for microfluidic fuel cell mainly on the electrolytic direction. It was 
found that the low diffusivity of CO2 in the GDE and the dilution effect of HER hindered 
the cell performance and efficiency improvement. In conclusion, RMFC development to 
date is still on its early stage but with great potentials, which requires more research and 
insight in the future. 
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5. Applications and challenges 
Compared with UR-PEMFC, reported applications of UR-AFC and RSOFC are very 
scarce, while RMFC is far away from its application stage. Therefore, in this section only 
a brief introduction to their application potentials and challenges is presented. 
UR-AFC is first proposed for aerospace applications during the 1960s. Afterwards, 
more protoypes were developed by NASA and Giner, Inc. However, interests in this 
technology then dropped due to technical and economic factors, while the UR-PEMFC 
technology seemed more appealing and received more R&D attentions. Recently with the 
development of AEM, technical problems such as CO2 poisoning of the BOE and 
potential electrolyte leakage are solved. Therefore, the application potential of UR-AFC 
is rediscovered considering its non-noble catalyst employment and high reaction kinetics. 
Nevertheless, cell performance and energy efficiency of the present UR-AFCs are still 
lower than those of UR-PEMFCs, while the best AEM is not competitive against PEM 
considering both conductivity and stability. In addition, despite of the potential cost 
reduction benefited from cheaper catalysts and membrane, systematic costs derived from 
other cell components such as the GDL, BPPs, etc. and from the system balance of plants 
(BOPs) may also be obstacles for their large-scale commercialization. 
RSOFC technology is much younger than either UR-PEMFC or UR-AFC, which 
favors a high temperature working environment. During the regenerative operation, a 
variety of power sources can be utilized to provide thermal energy to RSOFC, such as 
nuclear power, wind/solar energy, and waste heat from high-temperature industrial 
processes. Same as UR-PEMFC, RSOFC can also be utilized in aerospace, terrestrial, and 
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portable applications, but at reduced capital costs. Benefiting from the non-noble ceramic 
materials utilized for both electrolyte and electrode fabrication, RSOFC is very cost-
efficient compared with other types of URFC, while the cell performance and energy 
efficiency is also very high. The major obstacle hindering the wide-application of 
RSOFC is the long-term stability problem especially during frequent regenerative 
operations. Moreover, the cost of the high-temperature fabrication process and the heat 
management sub-system during practical operation also need to be considered when 
competing with other energy storage & conversion technologies. 
As for RMFC, the low-cost fabrication and adjustable reaction environment make this 
technology very promising compared with its membrane-based counterparts. However, 
the complex fluid management in the stacking process together with the potentially 
leakage of acid/alkaline electrolyte can be a serious problem. In addition, RMFC for 
portable applications may be a difficult task considering the laminar-flow interface 
stability in the micro-channels. 
 
6. Conclusion 
In this part of review, research progress on various URFC technologies are introduced 
separately, including the UR-AFC, RSOFC and RMFC. For UR-AFC, a brief 
introduction to the bifunctional hydrogen and oxygen catalyst is given first, together with 
some UR-AFC prototypes based on AEM. It is worth to mention that the listed BOCs 
here are not only applicable to UR-AFC, but also useful in other energy conversion 
devices with aqueous alkaline electrolyte, such as rechargeable metal-air battery. For 
RSOFC, researches are separated into two parts according to the different electrolyte 
45 
 
materials utilized, i.e. the oxygen ion conducting electrolyte and the proton-conducting 
electrolyte. RSOFC is best known for its high temperature operation and therefore high 
energy efficiency. In this review, emphasis is put on the material aspect and stability 
study. Moreover, modelling works on RSOFC is also reported. As for RMFC, due to the 
limited research works available, only a few preliminary studies are presented here. 
Based on the two parts of this URFC technology review, several conclusions to the 
above-mentioned four types of URFC can be made as follows: 
 Considering the power output ability, both UR-PEMFC and RSOFC-O achieve very 
high PPD around 1-2Wcm-2, while the RSOFC-H, UR-AFC and RMFC generally 
achieve lower PPD less than 500mWcm-2. 
 Considering the RT-efficiency, RSOFC exhibits superior advantage against the other 
three URFC technologies, which is even comparable with secondary batteries. As for 
UR-PEMFC, UR-AFC and MFC, lower efficiency (less than 50%) is normally 
achieved. 
 Considering the cycle stability, recorded tests with UR-PEMFC generally shows 
better stability than those with RSOFC and UR-AFC. As for RMFC, no cycle test is 
found yet. 
 Considering the cost-efficiency, UR-PEMFC is much more expensive than the other 
URFC technologies due to its inevitable usage of noble-metal catalyst and high-cost 
Nafion membrane. While for RMFC, obvious cost superiority is confirmed benefiting 
from its membraneless configuration, flexible pH environment thus wide catalyst 
choice, and the low-cost fabrication process. 
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Right now, URFC has shown its tremendous application prospects in both aerospace 
and terrestrial areas. Benefiting from its high energy density, deep cycling ability, and the 
decoupled energy storage capacity & rated power, URFC has exhibited superior 
advantages for long-term energy storage and power output purpose. However, till now 
only the UR-PEMFC reaches an early-application stage. As for the other types of URFC, 
unsatisfactory performance and poor cycle ability are the two main problems for UR-
AFC, while RSOFC generally suffers from stability problem especially in the EC mode. 
As for RMFC, development is still on a very early stage with various unsolved problems. 
Nevertheless, considering the cost and scarcity of noble metal catalysts, these three types 
of URFC are very promising as long as continuous efforts are paid. 
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Figure captions: 
Fig.1 SEM images of various hybrid BOCs with synergistic effects: (a) Co3O4/N-rmGO 
[83]; (b) Ag modified La0.6Ca0.4CoO3 [125]; (c) Core−corona structured LaNiO3-NCNTs 
[104]; (d) NiCo2S4@N/S-rGO [120]; (e) B-MWCNTs [63]; (f) CoMn2O4/N-rGO [95]; (g) 
CoC2O4/gRGO [123] 
 
Fig.2 Evidence of the carbon-based electrode corrosion in alkaline environment [146]: (a) 
before 200 cycles; (b) after 200 cycles 
 
Fig.3 A UR-AFC based on the RP-LaSr3Fe3O10 oxygen electrode shows much lower 
overpotentials in both modes [16]: (a) cell composition; (b) polarization curve 
 
Fig.4 Calculated energy demand for water electrolysis under various temperatures [154] 
 
Fig.5 Schematic diagram of different hydrogen electrode structures [158]: (a) 
conventional one-layer structure; (b) Two-layer structure 
 
Fig.6 A novel BHE with Ni particles dispersed in porous YSZ scaffold, which alleviate 
the Ni agglomeration problem after EC mode operation [179] 
 
Fig.7 Major degradation mechanisms to a single RSOFC: (a) Ni particle agglomeration 
[204]; (b) Si-containing impurities (red) from glass sealants [174]; (c) oxygen electrode 
delamination [190]; (d) YSZ electrolyte reduction [153] 
80 
 
 
Fig.8 Stability study of various RSOFCs in regenerative mode operation: (a) From Hong 
et al. [190] (b)(c) From Fan et al. [188, 189] (d)(e) From McElroy et al. [171] 
 
Fig.9 RSOFC-O stack prototypes in the literature: (a) NASA all-ceramic stack by Cable 
et al. [179] (b) Jülich 2-cell stack by Nguyen et al. [186] (c) 200W-class 3-cell stack by 
Hong et al. [190] 
 
Fig.10 Micro-tubular RSOFC prototype [182] 
 
Fig.11 Schematic diagram of RSOFCs with syngas operation 
 
Fig.12 I-V characteristics of single cells prepared by different fabrication processes  
and electrolyte materials at 600℃ under humid 75% H2 in Ar (2.76% H2O) and humid  
air [200] 
 
Fig.13 Microfluidic fuel cells with various structures [9]: (a) T-type with electrodes on 
the channel bottom; (b) T-type with electrodes on the channel sides; (c) F-type air-
breathing cathode; (d) Flow-through electrodes 
 
Fig.14 Schematic diagram of an air-breathing RMFC [247]: (a) FC mode; (b) EC mode 
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Tables: 
Table-1 AEM-based UR-AFC prototypes demonstrated to date 
Referen
ces 
BHC Electroly
te 
BOC GDL Tem
p. 
(℃) 
PPD 
(mWc
m-2) 
RT-
efficienc
y 
Stability 
Wu et al. 
[15] 
50wt.% 
Pt/C 
(1mgPtc
m-2) 
Homema
de AEM 
Cu0.6Mn0.3Co2.
1O4 (3mgcm-2) 
Carbon 
paper 
(BHE&B
OE) 
40 80 31.9% at 
100mAc
m-2 
 
Wu et al. 
[18] 
20wt.% 
Pt/C 
(0.1mgc
m-2) 
Porous 
PTFE 
filled 
with 
qPDTB-
OH- 
Cu0.6Mn0.3Co2.
1O4 
Au-coated 
Ti mesh 
(BOE) 
20, 
45 
114 
(20℃) 
163 
(45℃) 
34% at 
100mAc
m-2 
(22℃) 
Degradati
on rate of 
0.0379m
Vh-1 at 
100mAc
m-2 in EC 
mode for 
the first 
120hrs 
(22℃). 
Ng et al. 
[149] 
Ni/C 
(6mgcm
-2) 
AEM 
(FAA-
3,Fumate
ch) 
Ni/C + 
MnOx/GC 
(1:5 by mass, 
4mgcm-2) 
Carbon 
paper 
(BOE) 
65 16.5 40% at 
10mAc
m-2 
RT-
efficiency 
dropped 
from 40% 
to 34% 
after 8 
cycles 
(160mins
) 
Ng et al. 
[17] 
46wt.% 
Pt/C 
0.5mgc
m-2 
AEM 
(FAA-3-
PK-130, 
Fumatech
) 
MnOx 
(0.3mgcm-2) 
Carbon 
paper 
(BHE) 
Stainless 
steel 
(BOE) 
55 27 42-45% 
at 
20mAc
m-2 
Quite 
stable for 
10 cycles, 
with RT-
efficiency 
dropped 
from 45% 
to 42%. 
Takeguc
hi et al. 
[16] 
46.5wt.
% Pt/C 
0.5mgc
m-2 
AEM 
(A201, 
Tokuyam
a) 
RP-
LaSr3Fe3O10 
pellet (1mm 
thickness) 
Carbon 
paper 
(BHE) 
60    
Bretthau
er et al. 
[150] 
LaNi5 
MH 
AEM 
(Tokuya
ma) 
Pt   0.559   
Bretthau
er et al. 
[151] 
LaNi5 
MH 
AEM 
(A3PE, 
Tokuyam
a) 
La0.6Ca0.4CoO
3/C 
  0.66 52% at 
0.1mAc
m-2 
23% at 
0.31V 
Very 
stable in 
WE mode 
at 
1mAcm-2 
and in FC 
mode at 
0.5-
2mAcm-2 
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Table-2 RSOFC-O prototypes demonstrated to date 
References BHE Electrolyte BOE Temp. 
(℃) 
PPD 
(mWcm-
2) 
Stability 
Kusunoki et 
al.  [163] 
Ni-YSZ 8YSZ 
(500µm) 
LSM 1000   
Eguchi et al. 
[165] 
Ni-YSZ; Pt YSZ 
(500µm) + 
SDC (2µm) 
LSM; LSC 1000   
Momma et 
al. [166] 
Ni-YSZ YSZ (0.5-
1mm) + 
SDC 
LSM; LSC; LC 1000  Oxygen electrode 
delamination from 
the electrolyte after 
long-term 
electrolysis 
operation 
Uchida et al. 
[168] 
Ni/SDC 8YSZ 
(1mm) + 
SDC (1µm) 
LSC; LSCF; Pt 800 
(FC 
mode) 
900 
(WE 
mode) 
 Stable performance 
of the Ni/SDC 
anode at 800℃ and 
0.6Acm-2 for over 
1100hrs 
Matsui et al. 
[167] 
Ni-YSZ 8YSZ 
(0.5mm) 
LSM 1000  Unstable under 
limited fuel 
condition in FC 
mode and limited 
H2O condition in 
WE mode 
Bastidas et 
al. b [169] 
LSCM-YSZ 
+ LSCMx2 
(50µm) 
YSZ 
(0.2mm) 
LSCM-YSZ + 
LSCMx2 
(50µm) 
900 300 Stable in half-cell 
test for 4 cycles in 
both hydrogen and 
oxygen atmosphere 
McElroy et 
al. [171] 
Ni-
electrolyte 
material 
YSZ 
(300µm) 
LSM; LSC; 
LCC; LSCF etc. 
850  Very good stability 
in regenerative 
mode: degradation 
rate of the RT 
efficiency can be as 
low as 0.5%/1000h 
in regenerative 
mode 
Gopalan et 
al. [170] 
Ni-YSZ YSZ Liquid Ag 1000   
Marina et al.  
[173] 
Ni-YSZ + 
Ni-YSZ 
(550µm) 
YSZ (7µm) 
+ SDC 
(2µm) 
LSCF (30µm) 750   
Elangovan 
et al. c [172] 
Ni(MgO)-
CeO2 
LSGM LSC 700-
800 
  
Hauch et al. 
[174] 
Ni-YSZ (10-
15µm) + Ni-
YSZ 
(~300µm) 
YSZ (10-
15µm) 
LSM-YSZ (15-
20µm) 
850  Voltage 
degradation of 
2%/1000h was 
obtained in WE 
83 
 
mode at 0.5Acm-2 
Schiller et 
al. [175] 
Ni-YSZ 
(~50µm) 
+metal 
support 
YSZ 
(~40µm) 
LSCF (~30µm) 750-
850 
 Degradation rate of 
3.2%/1000h in EC 
mode at 0.3Acm-2 
for 2000hrs 
Tao et al. 
[176] 
Pt YSZ (1mm) 
+ SDC 
(1µm) 
LSCF-SDC 
(30µm) + LSCF 
(10µm) 
700-
900 
  
Zhan et al. 
[177] 
Ni-YSZ + 
Ni-YSZ 
(~600µm) 
YSZ 
(~10µm) 
LSCF-
GDC+LSCF 
(20-30µm) 
700-
800 
 Voltage increased 
by ∼2% during 
100h electrolysis at 
1.05Acm-2 
Liu et al. b 
[206, 207] 
SFM 
(70 µm) 
LSGM 
(320 µm) 
SFM 
(70 µm) 
800-
900 
835 
(900℃) 
Stable performance 
in EC mode at 
1.2V for 100hrs 
Zhan et al. 
[178] 
Ni-YSZ 
(20µm) + 
Ni-YSZ 
(600µm) 
YSZ 
(15µm) 
LSCF-GDC 
(30µm) + LSCF 
700-
800 
  
Bercero et 
al. [181] 
Ni-YSZ 
(5µm) + Ni-
YSZ (25-
30µm) 
10Sc1CeSZ 
(~155µm) 
LSCF (25µm) 850   
Lohsoontorn 
et al. [180] 
Ni-YSZ; Ni-
GDC; 
Ni/Ru-GDC 
(30µm) 
YSZ 
(1.5mm) 
LSM-YSZ; 
LSCF; LSF 
(30µm) 
550-
800 
 Ni-YSZ electrode 
is stable for H2O 
electrolysis and 
hydrogen 
oxidation, but 
significantly 
degraded in CO2 
electrolysis and CO 
oxidation 
Bercero et 
al.a [153] 
Ni-YSZ 
(400µm) 
YSZ 
(15µm) 
LSM/YSZ 
(20µm) + 
LSM/YSZ 
750-
950 
 
 Irreversible 
damage at oxygen 
electrode-
electrolyte 
interface due to 
YSZ electrolyte 
reduction 
Bercero et 
al. [152] 
Ni-YSZ 
(~40µm) 
10Sc1CeSZ  
(155±5µm) 
LSCN (~10µm) 700-
850 
 
  
Moyer et 
al.a [182] 
Ni-YSZ 
(1mm) 
YSZ 
(20µm) 
LSM-YSZ 
(10µm) + LSM 
(20µm) 
750-
850 
 
  
Cable et al.b 
[179] 
Ni/YSZ 
(500µm) 
YSZ 
(60µm) 
LSCF/YSZ 
(500µm) 
750-
900 
 
500 
(850℃) 
Stable in single 
mode operation 
(WE), but degraded 
in reversible mode 
operation 
Jung et al. 
[183] 
Ni-
YSZ(720µm) 
+ Ni-
YSZ(70µm) 
YSZ 
(18µm) 
LSM 600-
800 
 
  
Rao et al. Ni-BZCY SDC SSC-SDC 700   
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[184] (35µm)  
Nguyen et 
al. c [186] 
Ni-YSZ YSZ LSCF 750, 
760, 
810 
 
 0.6%/1000h 
degradation rate at 
0.5Acm-2 for 4000h 
FC operation; 
Negligible 
degradation at 
0.3Acm-2 in WE 
mode 
Choi et al. 
[185] 
Ni-YSZ; 
Ni-YSZ + 
Ni-YSZ 
YSZ-GDC LSCF1982; 
LSCF1982-
GDC 
600-
800 
 
780 
(700℃) 
1780 
(750℃) 
2100 
(800℃) 
Stable for 72h at 
1Acm-2 in WE 
mode, but showed 
degradation in 
reversible 
operation. 
Su et al. 
[187] 
Ni-YSZ YSZ (1µm) 
+ 
GDC(5µm) 
LSM-YSZ + 
LSM/YSZ VAN 
interlayer 
650-
800 
 
550 
(800℃) 
430 
(750℃) 
320 
(700℃) 
220 
(650℃) 
 
Hong et al.c 
[190] 
Ni-YSZ + 
Ni-YSZ 
ScSZ + 
GDC 
LSC-GDC + 
LSC 
650-
800 
 
 Quite stable in EC 
mode for 1000h 
(7.75%/1000h), but 
rapidly degraded in 
regenerative 
operation within 5 
cycles (~140h) 
Fan et al. 
[189] 
Ni-YSZ 
(300µm) 
YSZ(20-
30µm)+ 
GDC(10µm) 
LSCF (60-
70µm) 
750-
850 
 
486 
(850℃) 
401 
(800℃) 
296 
(750℃) 
Voltage 
degradation rate of 
2.7% and 5.9% for 
FC mode and EC 
mode after 
alternatively 
operated at ±300 
mAcm-2 for 13 
cycles (26hrs) 
Fan et al. 
[188] 
Ni-YSZ 
(300µm) 
YSZ (20-
30µm) 
LSCF/YSZ 
(70µm) 
700-
800 
 
900 
(800℃) 
640 
(700℃) 
Voltage 
degradation rate of 
3.4% and 
4.9% for FC mode 
and EC mode after 
alternatively 
operated at ±600 
mAcm-2 for 8 
cycles (16hrs) 
Yoon et al. 
[191] 
Ni-YSZ 
(800µm) + 
Ni-YSZ 
(10µm) 
YSZ 
(10µm) + 
GDC (5µm) 
LSC-GDC 
(15µm) + LSC 
(20µm) 
700-
800 
 
1300 
(700℃) 
1600 
(750℃) 
1800 
(800℃) 
 
Lee et al. Ni-YSZ + YSZ + GDC SSC/LSCF- 700- 1620  
85 
 
[160] Ni-YSZ GDC + LSCF 800 
 
(750℃) 
Molero-
Sanchez et 
al. b [194] 
LCFCr 
(30µm) 
GDC (1mm) LCFCr (30µm) 600-
800 
 
 very stable, with 
very little loss in 
performance and 
no interfacial 
damage observed 
after 100 h at a 
0.4V (OER) and -
0.4V (ORR) 
overpotentials 
Chen et al. 
[192] 
Ni-
SDC/YSZ 
(~50µm) 
ScSZ 
(~15µm) 
Nd2O3-
Nd2NiO4+δ/ScSZ 
(~30µm) 
650-
800 
 Cell performance is 
improved after 
more than 300hrs’ 
operation in WE 
mode 
Yoo et al. 
[195] 
Ni-GDC + 
Ni-GDC 
GDC LNO 500-
650 
 
~190 
(650℃) 
Stable in FC mode 
at 0.1Acm-2 at 
600℃ for 100hrs 
Ferrero et 
al. [193] 
Ni-YSZ (5-
10 µm) + Ni-
YSZ (450-
550µm) 
YSZ (4-
6µm) + 
YDC (2-
4µm) 
LSM-YSZ (15-
30 µm) + LSM 
(15-30 µm); 
LSCF(30-60 
µm) 
800-
850 
 
  
a Tubular configuration 
b symmetric cell 
c Stack 
For electrodes, “A-B” means mixed A and B, while “A/B” means A supported on B 
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Table-3 RSOFC-H prototypes demonstrated to date 
References BHE Electrolyte BOE Temp. 
(℃) 
PPD 
(mWcm-
2) 
Stability 
Stuart et al. 
[196] 
Pt BCY10 
(450µm) 
Pt 500-
750 
  
He et al. 
[197] 
Ni-BCZY BCZY 
(20µm) 
SSC-
BCZY 
(40µm) 
600-
700 
 
69 
(600℃) 
140 
(650℃) 
234 
(700℃) 
 
Azimova et 
al. [198] 
Ni/BCZYbCo 
(100µm) 
BCZYbCo 
(45µm) 
LSC-
BCZYbCo 
(20µm) 
600-
700 
 
  
Rao et al. 
[199] 
Ni-BCZY BCZY 
(20µm) 
BZC-0.4 
(30µm) 
700  Quite stable in EC mode 
(1.3V) for 5hrs 
Yoo et al. 
[200] 
Ni-BCZY BCZY 
(10-15µm) 
BSCF-
BCZY 
(20µm) 
600 493 Relatively stable at 
300mAcm-2 in FC mode 
for 600hrs 
 
 
Fig. 1 SEM images of various hybrid BOCs with synergistic effects: (a) Co3O4/N-rmGO 
[83]; (b) Ag modified La0.6Ca0.4CoO3 [125]; (c) Core−corona structured LaNiO3-NCNTs 
[104]; (d) NiCo2S4@N/S-rGO [120]; (e) B-MWCNTs [63]; (f) CoMn2O4/N-rGO [95]; (g) 
CoC2O4/gRGO [123] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Evidence of the carbon-based electrode corrosion in alkaline environment [146]: 
(a) before 200 cycles; (b) after 200 cycles 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 A UR-AFC based on the RP-LaSr3Fe3O10 oxygen electrode shows much lower 
overpotentials in both modes [16]: (a) cell composition; (b) polarization curve 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Calculated energy demand for water electrolysis under various temperatures [154] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Schematic diagram of different hydrogen electrode structures [158]: (a) 
conventional one-layer structure; (b) Two-layer structure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 A novel BHE with Ni particles dispersed in porous YSZ scaffold, which alleviate the 
Ni agglomeration problem after EC mode operation [179] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Major degradation mechanisms to a single RSOFC: (a) Ni particle agglomeration 
[204]; (b) Si-containing impurities (red) from glass sealants [174]; (c) oxygen electrode 
delamination [190]; (d) YSZ electrolyte reduction [153] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 8 Stability study of various RSOFCs in regenerative mode operation: (a) From Hong 
et al. [190] (b)(c) From Fan et al. [188, 189] (d)(e) From McElroy et al. [171] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 9 RSOFC-O stack prototypes in the literature: (a) NASA all-ceramic stack by Cable et 
al. [179] (b) Jülich 2-cell stack by Nguyen et al. [186] (c) 200W-class 3-cell stack by Hong 
et al. [190] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 10 Micro-tubular RSOFC prototype [182] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 11 Schematic diagram of RSOFCs with syngas operation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 12 I-V characteristics of single cells prepared by different fabrication processes 
and electrolyte materials at 600℃ under humid 75% H2 in Ar (2.76% H2O) and humid 
air [200] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 13 Microfluidic fuel cells with various structures [9]: (a) T-type with electrodes on 
the channel bottom; (b) T-type with electrodes on the channel sides; (c) F-type air-
breathing cathode; (d) Flow-through electrodes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 14 Schematic diagram of an air-breathing RMFC [247]: (a) FC mode; (b) EC mode 
